1. Introduction
===============

Women with GDM are at high risk for pregnancy and delivery complications. It affects about 9.2% of all pregnancies.^\[[@R1]\]^ GDM prevalence has been gradually increasing with the rise of obesity.^\[[@R2]\]^ The molecular mechanism underlying metabolic effect of GDM remains uncertain. Pregnancy-induced insulin resistance has been linked to gestational hormones, abnormal adipokine secretion, and insulin target tissues.^\[[@R3]\]^ Clinical and experimental studies proved that estradiol intervenes in glucose homeostasis and insulin signaling.

Some physiological and pathological states such as the menstrual cycle,^\[[@R4]\]^ gestation,^\[[@R5]\]^ and polycystic ovarian syndrome,^\[[@R6]\]^ which accompanied with insulin resistance, were characterized by variability in estradiol levels.

And Montelongo et al^\[[@R7]\]^ found plasma estradiol levels during gestation were always lower in diabetic women than in normal women, and propose that the development of a dyslipidemic condition in diabetic pregnancy depends on the balance between the metabolic state and the level of sex hormones.

Previous studies in animal model found estradiol is an important mediator of glucose homeostas. Insulin-resistant state can be reversed by estradiol treatment in male aromatase knockout (ArKO) mice.^\[[@R8]\]^ And another study found^\[[@R9]\]^ ArKO mice have increased fat mass and insulin which was prone to developing obesity and type 2 diabetes. The mechanisms by which estradiol modulates glycemia are still not fully understood. And estradiol can improve the expression of insulin signaling molecules in skeletal muscle and it prevents the onset of insulin resistance as a result of estradiol deficiency in adult female rats.^\[[@R10]\]^

We hypothesized that cord blood hormones may be involved in the pathophysiology of GDM. We investigated the alteration of cord blood hormones levels in offspring exposed to GDM, and explored the correlation between hormones and birthweight.

2. Methods
==========

Shanghai Changning District Maternity and Infant Health Hospital located in Shanghai, China. The hospital delivered \>11,000 babies every year. It contains almost all pregnant women resident in Changning District. Pregnant women were consecutively invited to participate in at their first visit to the hospital from June 2015 to December 2015. The study was approved by the Local Ethics Committee of the hospital and conducted according to the guidelines in the declaration of Helsinki. Written informed consent was obtained from all subjects before participation in the study.

All subjects routinely underwent an oral glucose test (OGTT) at 24 to 28 weeks. Pregnant women with GDM were recruited to participate in the study, and women with a singleton pregnancy were eligible. Women with preexisting diabetes, hypertension, known thyroid dysfunction, twin pregnancy, any pregnancy-related disease, assisted pregnancy, acute or chronic infections, or any other condition affecting fetomaternal well-being were excluded (Fig. [1](#F1){ref-type="fig"}).
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There were no significant differences in the age, sex of fetus, and gestational week between cases and controls (Table [1](#T1){ref-type="table"}). A written informed consent was obtained from all participants. Weight at booking was recorded from the patient record cards. Body mass index (BMI) was calculated (weight in kg/height in m^2^).

###### 

Baseline characteristics of women with and without gestational diabetes mellitus.
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The diagnosis of GDM was based on the guidelines of International Association of the Diabetes and Pregnancy Study (IADPSG) diagnostic criteria. For example, a fasting glucose ≥92 mg/dL (5.1 mmol/L) and/or 1 hour: ≥180 mg/dL (10.0 mmol/L) and/or 2 hours: ≥153 mg/dL (8.5 mmol/L) (when any of the following plasma glucose values are exceeded, the subject is considered as having GDM).^\[[@R11]\]^ A total of 204 females were diagnosed as GDM cases, while normal glucose tolerant.

2.1. Cases and controls
-----------------------

Patients with GDM were compared with the remaining non-GDM patients during the study period. A matched case-control study was conducted to analyze risk factors for GDM and clinical characteristics of GDM. Cases were pregnant women with GDM. Controls were pregnant women without GDM. Controls, which were randomly selected from the study population, were matched (cases to controls ratio: 1:1) to cases by age, sex of fetus, and gestational week.

2.2. Biochemical analyses
-------------------------

After delivery, cord blood samples were collected immediately from the umbilical vein following standard protocols. Thereafter, the cord blood was centrifuged at 4°C. Estradiol and progesterone were measured within 2 hours. Cord blood levels for estradiol and progesterone were determined by chemiluminescent immunoassay (ADVIA Centaur; Siemens, Tarrytown, NY). The intra- and interassay coefficients of variation for estradiol kit were 4.8% and 4.4%, respectively. And the intra- and interassay coefficients of variation for progesterone kit were 4.1% and 5.0%, respectively.

2.3. Statistical analysis
-------------------------

Data are presented as means ± standard deviation for normally distributed variables and as median (interquartile range) for variables with a skewed distribution. Parity and sex were analyzed by *χ*^2^ distribution in Table [1](#T1){ref-type="table"}. Differences between groups were examined by independent-sample *t* tests for normally distributed variables and Mann-Whitney *U* test for non-normally distributed data. Differences in offspring parity and sex distribution were examined by *χ*^2^ test. Correlations were examined by Spearman rank correlation coefficients in Table [2](#T2){ref-type="table"}. Conditional logistic regressions were used to estimate the odds ratio of GDM in each tertile using the lowest tertile as the reference category adjusting for other covariates. All of the covariates were introduced using the enter method. The covariates of models in Conditional logistic regressions were: age, sex, BMI, gestational weeks, parity, birth weight, and estradiol.

###### 

Spearman correlation between cord blood hormone and birthweight.
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Considering that the association between estradiol levels and GDM risk might be nonlinear, restricted cubic spline (RCS) analysis was used to describe nonlinear relationships between the continuous estradiol levels and the GDM risk. The RCS analysis uses piecewise cubic polynomials that are connected across different intervals of a continuous variable. We chose 3 knots at quantiles 0.050, 0.500, and 0.950.^\[[@R12]\]^ In RCS analysis, the median value of estradiol levels was used as the referent, and the odds ratio (ORs) of all other estradiol levels versus the referent value were calculated and plotted against their respective estradiol levels.

All statistical analyses were performed using Stata software (version 10.2) and using SAS system software version 9.2 (SAS Institute, Cary, NC). A 2-sided *P* \< .05 was considered statistically significant.

3. Results
==========

Subject characteristics are presented in Table [1](#T1){ref-type="table"}. A total of 408 women enrolled in the study including 204 patients with GDM and 204 controls. Higher pregravid BMI, birthweight, and parity number were observed in patients with GDM than in control group (*P* \< .05). There was no significant difference about age and sex of the offspring between GDM and control groups. Women with GDM had a significantly lower cord blood estradiol concentration than controls (*P* = .032).

Cord blood estradiol levels were also positively correlated with progesterone levels (spearman correlation, *r* = 0.449, *P* = .000). Cord blood estradiol levels were negatively correlated with birthweight (*P* \< .05); moreover, the cord blood progesterone also revealed a similar trend (*r* = −0.065, *P* = .089). The correlation between cord blood estradiol levels and birthweight was weak (*r* = −0.135, *P* = .055) and no relationship (*r* = −0.019, *P* = .791) was found between cord blood estradiol levels and birthweight in control group (Table [2](#T2){ref-type="table"}).

In multivariable analysis (Table [3](#T3){ref-type="table"}), after adjustment for covariates, compared to the reference group (parity = 1), 2nd group (parity = 2) (adjusted OR: 1.27 \[0.77--2.12\]), and 3rd group levels (parity = 3) (adjusted OR: 2.31 \[1.18--4.53\]) were associated with GDM in a graded manner. After adjustment for age, sex, pregravid BMI, gestational weeks, parity, and birthweight (Fig. [2](#F2){ref-type="fig"}), significant negative relationships were observed between cord blood estradiol and the risk of GDM (tertile 2 vs. tertile 1: OR 0.49, 95% confidence interval \[CI\] 0.28--0.85; tertile 3 vs. tertile 1: OR 0.50, 95% CI 0.29--0.87).

###### 

Multiple conditional logistic regressions results for the relationship between estradiol with variables studied.
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![Adjusted odds and 95% confidence interval of GDM in multivariate conditional logistic regression. GDM = gestational diabetes mellitus.](medi-96-e6962-g005){#F2}

A dose-response association between cord blood estradiol levels and GDM risk was found. On spline analysis, the estradiol level was nonlinearly associated with OR of GDM starting at level well \<41,947.5 pmol/L, and OR of GDM rapidly decelerated reaching a plateau of 42,000 pmol/L (Fig. [3](#F3){ref-type="fig"}).
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4. Discussion
=============

There are consistent epidemiological data showing the associations between high pregravid BMI and future risk of GDM. For example, and pregravid obesity is a strong risk factor for GDM in different racial groups.^\[[@R13]\]^ Although there was significant variation in the association between GDM and BMI by racial group. The study found Asians women have a greater risk of GDM at a lower BMI than other racial and ethnic groups.^\[[@R13]\]^. Moreover, cord blood estradiol was significantly correlated with birthweight in total women. There is a tread of positive relationship between estradiol and birthweight in women with GDM. We thought cord blood estradiol is a kind of early-life environment which plays a substantial role in offspring energy metabolism.

We showed that low estradiol levels in cord blood were associated with GDM. We speculated values of estradiol levels during gestation were always lower in diabetic women than in normal women. Other authors also have reported decreased plasma estradiol levels in pregnant diabetic women.^\[[@R7]\]^ The author found the decreased level of these hormones in diabetic women during gestation may have restrained the development of an overtly hyperlipidemic condition in our diabetic pregnant patients. Here we found decreased level of cord blood estradiol in diabetic women.

Pregnancy is characterized by a dramatic increase in hormones, including prolactin, progesterone, and estradiol. Estradiol was mainly produced by placenta.^\[[@R14],[@R15]\]^ Aromatizing enzyme activity was correlated with estrogen production in placenta during pregnancy. Recent data have revealed a surprising role for estradiol in regulating energy metabolism and glucose homeostasis. Aromatase knockout mice have reduced estradiol levels accompanying reduced glucose oxidation, increased adiposity, and insulin levels.^\[[@R16]\]^ And the glucose intolerance and insulin resistance state can be reversed by estradiol treatment.^\[[@R8]\]^

Previous studies have found estradiol can increase replication and improve survival and function of insulin-secreting cells in vitro and in vivo^\[[@R17],[@R18],[@R19],[@R20]\]^ during pregnancy. A recent study found estradiol can induced pregnancy-associated β cell mass expansion through repression of miR-338--3p.^\[[@R21]\]^

The placenta plays a crucial role in fetal growth and is also recognized as an endocrine organ as it produces essential hormones for gestation.

In healthy women, there was a nonlinear association between body fat and estradiol levels. Both very low and high body fat were associated with decreased estradiol levels.^\[[@R22]\]^ In this study, we found women with GDM were associated with decreased estradiol levels. Study found E2 can decrease the release of resistin from placenta.^\[[@R23]\]^ This may be one of the mechanisms of GDM. Correlations have been also found among plasma leptin level, BMI, and adipose tissue mass in health women.^\[[@R24]\]^ Decreased leptin release from placenta from GDM-complicated pregnancies was found,^\[[@R23]\]^ and 17β-estradiol increased leptin production.^\[[@R25]\]^ Consistent with our study, we speculated that decreased estradiol levels may modulate the release of leptin from GDM placentas, therefore accounting for the mechanisms of GDM. Therefore, we speculated that cord blood estradiol is a protective effect during pregency.

Although pregnancy is also characterized by a plasmatic increase in maternal progesterone, in this study, no significant change in cord blood progesterone was noted between GDM and normal pregnancy, and no relationship between cord blood progesterone and birthweight.

Limitations of our study also deserve comment. First, this study was performed at a single center and uses a very small sample population. Selective bias may be inevitable. Second, it is possible that unknown risk factors may not have been identified. Third, this study was also limited by its cross-sectional design and does not infer a causal relationship between decreased estradiol levels and the development of GDM. Serial changes in cord blood estradiol also need to be measured at different time points during pregency. And glucose, insulin, and peptide-C in umbilical cord blood were not measured. We believe that these data are informative; additional studies in multiple centers are necessary.

In summary, our results indicate that cord blood estradiol concentrations were significantly lower in GDM group than non-GDM group. This finding indicates that estradiol could participate in glucose homeostasis and involved in insulin sensitivity. The regulatory mechanism involved still requires further investigation.

Abbreviations: ArKO = aromatase knockout, BMI = body mass index, CI = confidence interval, E~2~ = estradiol, GDM = gestational diabetes mellitus, IADPSG = International Association of the Diabetes and Pregnancy Study, P = progesterone, RCS = restricted cubic spline, SD = standard deviation.
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